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COMPOSITE STRUCTURAL MATERIAL AND METHOD THEREFOR 

TECHNICAL FIELD 

[0001] The present invention generally relates to structural materials, and more 
particularly relates to a composite structural material comprising both a non-solid composite 
section and a solid section for building structural components that are lightweight, have high 
loading capability, and can be structurally attached to other elements. 

BACKGROUND 

[0002] In many industries there is a need for lightweight structural materials for building 
components. For example, the aircraft and aerospace industries desire materials that can be 
formed into complex shapes yet have low weight and can withstand heavy loading. 
Aluminum is a commonly used material that fits these general needs. For example, a 
composite material is formed from an aluminum skin placed over a frame. The frame is 
often made of aluminum or other lightweight materials. The frame provides the strength 
while the aluminum skin provides a working surface for the material. For example, a 
control surface of an airplane such as a rudder or elevator are made from a composite 
material that can be reliably moved by mechanical means yet withstand the loading induced 
during normal and extreme operation. Carbon fiber and plastic are two alternatives used to 
form a composite structural material. 

[0003] Another type of composite material capable of structural use is a frameless 
composite structural material. A lightweight shell is formed that is filled with foam. The 
foam bonds to the shell forming an integrated structure. Both the foam and shell combine to 
create an extremely strong composite structural material. In fact, in many foam filled 
composite materials, the majority of the strength comes from the foam used. Foam is used 
because it is extremely lightweight and depending on the material can have high 
compressive and shear strength when formed in a sandwich structure with other solid 
materials. 



1 



UTILITY PATENT APPLICATION 
ATTORNEY DOCKET NO. 024.0015 



[0004] Accordingly, it is desirable to provide a composite structural material that is 
extremely strong and lightweight. In addition, it is desirable to reduce the manufacturing 
cost of the composite structural material. It would of further benefit if the composite 
structural material included a solid section for structural attachment. Furthermore, other 
desirable features and characteristics of the present invention will become apparent from the 
subsequent detailed description and the appended claims, taken in conjunction with the 
accompanying drawings and the foregoing technical field and background. 



BRIEF SUMMARY 

[0005] An apparatus is provided for a composite structural material. The apparatus 
comprises a non-solid composite section that is filled with a structural foam that reduces the 
weight of the composite structural material. A solid section is coupled to the non-solid 
composite section. The solid composite section provides an area for structural attachment 
on the composite structural material. An interface region adjoining the non-solid composite 
section to the solid section is radiused to reduce stress on the structural foam bonded thereto. 
The composite structural material has increased loading capability before delamination and 
cracking of the structural foam occurs. 

[0006] A method is provided for increasing a strength of a composite structural material 
under load. The composite structural material includes a non-solid foam filled section and 
at least one solid section for structural attachment. The method comprises forming a curved 
surface in an interface region interior to the composite structural material where the non- 
solid foam filled section adjoins the at least one solid section. A structural foam in said non- 
solid foam filled section is bonded to the interface region. The stress on the structural foam 
is reduced in the interface region thereby increasing a loading capability of the composite 
structural material. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The present invention will hereinafter be described in conjunction with the 
following drawing figures, wherein like numerals denote like elements, and 

[0008] FIG. 1 is an illustration of a circular shell formed from a composite structural 
material; 

[0009] FIG. 2 is a cross-sectional view of a prior art composite structural material; 

[0010] FIG. 3 is a magnified view of the cross-section of the ramp section of FIG. 2 
showing stress on an inner layer of structural foam material; 

[0011] FIG. 4 is a cross-sectional view of a composite structural material in accordance 
with the present invention; 

[0012] FIG. 5 is a cross-sectional view of a composite structural material in accordance 
with the present invention; 

[0013] FIG. 6 is a magnified view of the curvature placed in the ramp section of FIG. 5 in 
accordance with the present invention. 

[0014] FIG. 7 is a stress analysis showing a peak stress on the curved surface in the 
composite structural material shown in FIG. 6; and 

[0015] FIG. 8 is a cross-sectional view of a composite structural material in accordance 
with the present invention. 

DETAILED DESCRIPTION 

[0016] The following detailed description is merely exemplary in nature and is not 
intended to limit the invention or the application and uses of the invention. Furthermore, 
there is no intention to be bound by any expressed or implied theory presented in the 
preceding technical field, background, brief summary or the following detailed description. 

[0017] FIG. 1 is an illustration of a circular shell 100 formed from a composite structural 
material. The composite structural material comprises a non-solid composite section 104, a 
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ramp section 105, and a solid section 106. One example of a use for this type of composite 
structural material is a launch vehicle such as a liquid oxygen rocket assembly utilizing 
composite sandwich structures to save weight and construction cost. Non-solid composite 
section 104 is shown in circular shell 100 and comprises an outer layer of material 101, an 
inner layer of material 102, and a middle layer of structural foam material 103. Structural 
foam material 103 bonds to outer layer of material 101 and inner layer of material 102 to 
form a composite sandwich that is both light in weight and strong under loading. 

[0018] In an embodiment of the rocket assembly, circular shell 100 couples to both a 
cryogen tank above and a cryogen tank below. One cryogen tank stores liquid oxygen while 
the other stores liquid hydrogen that is used as a propellant in the rocket assembly. The 
liquid oxygen and liquid hydrogen produces a cold temperature environment around circular 
shell 100. The cryogen tanks are vented which exhaust the liquid oxygen near circular shell 
100. In general, a wall thickness of non-solid composite section 104 in an application for a 
rocket assembly is in a range of 25 to 40 millimeters thick. The selected wall thickness of 
non-solid composite section 104 is uniform throughout the entire section. Circular shell 100 
has a diameter on the order of 5 meters and a height of approximately 91 .5 centimeters. 

[0019] A problem with forming a rocket assembly is the attachment of circular shell 100 
to the cryogen tank above and the cryogen tank below. In an embodiment of circular shell 
100, solid section 106 is placed fore or aft of non-solid composite section 104. Although a 
single solid section is shown in FIG. 1 it should be noted that the structural material is 
capable of having more than one solid section coupled to non-solid composite section 104. 
In an embodiment of circular shell 100, a wall thickness of solid section 106 is less than the 
wall thickness of non-solid composite section 104. The wall thickness is uniform 
throughout solid section 106. Ramp section 105 transitions non-solid composite section 104 
to solid section 106. Ramp section 105 tapers or ramps from the wall thickness of non-solid 
composite section 104 to the thinner wall of solid section 106. Ramp section 105 is also 
filled with structural foam material 103. 

[0020] Solid section 106 allows for structural attachment to one of the cryogen tanks. For 
example, attachment may be achieved by a compressive means such as bolting or clamping. 
A bolt places a compressive force on the materials being coupled together. A solid material 
is capable of handling this type of compressive force but a structural foam filled non-solid 
composite section would collapse under the force. Thus, structural attachment to the non- 
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solid composite section of circular shell 100 is not feasible. It is understood that circular 
shell 100 must be capable of withstanding the loading placed on it during operation of the 
rocket assembly. Failure in any section of the composite structural material could have 
devastating consequences to the rocket assembly. 

[0021] The composite structural material described in FIG. 1 is useful in many 
applications other than a rocket assembly where structural attachment, loading capability, 
cost, and weight are an issue. For example, the air transportation industry has many 
applications where components need to be light in weight and have high strength. Control 
surfaces, floor panels, and cargo liners are but a few structural elements where a composite 
structural material as described hereinabove would be useful. An example of a control 
surface of an airplane is a rudder or elevator. 

[0022] FIG. 2 is a cross-sectional view of a prior art composite structural material 200. 
Composite structural material 200 comprises a non-solid composite section 201, a ramp 
section 202, and a solid section 203. In an embodiment of composite structural material 
200, non-solid composite section 201 includes an inner structural foam filled layer. As 
shown, non-solid composite section 201 has a different wall thickness than solid section 
203. The wall thickness of non-solid composite section 201 is uniform and does not vary 
substantially. Similarly, the wall thickness of solid section 203 is uniform throughout. 
Ramp section 202 couples non-solid composite section 201 to solid section 203. A surface 
of ramp section 202 is angled or ramped to compensate for the different wall thicknesses of 
non-solid composite section 201 and solid section 203. The thickness of ramp section 202 is 
not uniform throughout; it tapers from non-solid composite section 201 to solid section 203. 
Ramp section 202 also includes an inner structural foam filled layer. 

[0023] Solid section 203 of composite structural material 200 is typically used for 
structurally attaching to another element. Composite structural material 200 can be formed 
having more than one solid region thereby providing multiple regions for structural 
attachment. For example, composite structural material 200 is formed as a sheet. Non-solid 
composite section 201 is formed rectangular in shape where each of the four sides is 
coupled to a solid section for structural attachment. The solid sections can be securely 
attached to another structure allowing a load to be placed on composite structural material 
200. The interaction between non-solid composite section 201, ramp section 202, and solid 
section 203 determines the strength of composite structural material 200. 
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[0024] Composite structural material 200 has been found to have negative structural 
margins in some applications. An example is using composite structural material 200 to 
form a circular shell such as described in FIG. 1 . Under various loading and environmental 
conditions it has been found that composite structural material 200 fails. In particular, the 
mechanism for failure has been identified as delamination or cracking of the inner layer of 
structural foam material in non-solid composite section 201 and ramp section 202 which 
destroys the integrity of the sandwich structure. Once delamination or cracking of the 
structural foam material occurs the load capability of composite structural material 200 is 
reduced thus ensuring that degradation continues under load. Referring to FIG. 1 , cryogen 
tanks were placed above and below the composite structural material. The cryogen tanks 
vented cold gas near the composite structural material. It has been found that cold 
temperatures further exacerbate the problem of cracking and delamination. 

[0025] FIG. 3 is a magnified view of the cross-section of ramp section 202 of FIG. 2 
showing a peak stress 302 on a structural foam layer 301 . Structural foam layer 301 in ramp 
section 202 bonds to a surface 303, a surface 304, and a surface 305. Surface 305 is an 
interface region where ramp section 202 adjoins solid section 203. Surfaces 303-305 are 
planar surfaces. In particular, surface 304 meets surface 305 at a 90 degree angle. Surface 
303 meets surface 305 at an obtuse angle since it forms the ramp that compensates for the 
difference in wall thickness between non-solid composite section 201 and solid section 203. 
It has been found that peak stress 302 occurs in the corner where surfaces 304 and 305 meet. 
It is believed that delamination and cracking begins in the location of peak stress 302 during 
loading and temperature change. As mentioned previously, once delamination and cracking 
begins in structural foam layer 301 it continues throughout composite structural material 
200 over time. Delamination typically occurs between surfaces 303-305 and structural foam 
layer 301. 

[0026] FIG. 4 is a cross-sectional view of a composite structural material 400 in 
accordance with the present invention. Composite structural material 400 comprises a non- 
solid composite section 401, a transition section 402, and a solid section 403. Composite 
structural material 400 is designed for low weight, high load carrying capability, wide 
temperature operability, and low cost of manufacturing. Non-solid composite section 401 
weighs significantly less per unit area than solid section 403. Typically, the majority of 
composite structural material 400 comprises non-solid composite section 401. Thus, 
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composite structural material 400 as shown is for illustration purposes and the actual 
amount of surface area of each type of section can vary depending on the application. 

[0027] In an embodiment of composite structural material 400, a layer 408 forms a first 
major surface of composite structural material 400. A layer 409 forms a second major 
surface of composite structural material 400. In general, layers 408 and 409 are a solid 
material. In an embodiment of composite structural material 400, layers 408 and 409 are 
formed from graphite and epoxy. Layers 408 and 409 comprise graphite/epoxy facesheets 
that are layered to a predetermined thickness for the specific application. The 
graphite/epoxy facesheets can be cut and shaped using a form to make complex structures. 
The formed graphite/epoxy facesheets are cured under pressure at an elevated temperature 
to harden and bond together. The exact thickness and material choice is determined by the 
application and environment. Layers 408 and 409 may comprise other materials such as 
metal, metal alloys, plastic, and organic materials. Layers 408 form major surfaces for 
handling a load and isolate a structural foam layer 404 from an external environment. 

[0028] Structural foam layer 404 is a layer of material between layers 408 and 409 in non- 
solid composite section 401 and transition section 402. In general, non- solid composite 
section 401 and transition section 402 are contiguous and formed similarly, each including 
structural foam layer 404. The main difference between non-solid composite section 401 
and transition section 402 are dimensional. Non-solid composite section 401 has a wall 
thickness that comprises layer 408, structural foam layer 404, and layer 409. The wall 
thickness of non-solid composite section 401 is substantially uniform throughout. That is 
not the case for transition section 402. The wall thickness varies within transition section 
402 comprising layer 408, structural foam layer 404, and layer 409. In an embodiment of 
composite structural material 400, structural foam layer 404 varies in thickness in transition 
section 402 while layers 408 and 409 have a uniform thickness. Transition section 402 
compensates for a difference in wall thickness between non-solid composite section 401 and 
solid section 403. In an embodiment of composite structural material 400, transition section 
402 has a wall thickness substantially equal to non- solid composite section 401 where 
transition section 402 adjoins non-solid composite section 401. Similarly, transition section 
402 has a wall thickness substantially equal to solid section 403 where transition section 402 
adjoins solid section 402. In an embodiment of transition section 402, this is achieved by 
forming a ramp in layer 409 and structural foam 404. 
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[0029] Structural foam layer 404 bonds to layers 408 and 409 internal to composite 
structural material 400. An integral sandwich structure is formed comprising layer 408, 
structural foam layer 404, and layer 409. Individually, layer 408, structural foam layer 404, 
and layer 409 do not have near the strength or load capability of the bonded composite 
sandwich structure. Non-solid composite section 401 and transition section 402 are both 
considered non-solid because of structural foam layer 404. Structural foam layer 404 
comprises foam cells where the structural integrity is provided by the walls of each cell and 
the interior of each foam cell is filled with a non-solid material (for example, gas). The 
structural foam material is often characterized by the dimensional size of an average foam 
cell and the strength of the foam. Typically, a single dimension is given for the average 
foam cell size (height, length, width are approximately equal). Fastening to non-solid 
composite section 401 is problematic using conventional techniques such as bolting or 
clamping because they apply a compressive force to the material that would collapse the 
structure. Solid section 403 is included in composite structural material 400 to provide an 
area for structural fastening because of this limitation. 

[0030] In an embodiment of composite structural material 400, structural foam layer 404 
is a polymethacrylimide foam. The polymethacrylimide foam is lightweight, bonds well to 
graphite/epoxy based material, and has high load capability. Composite structural material 
400 is not limited to this type of foam. Metal foams and other structural foams of different 
chemical composition can be used depending on the material used in layers 408 and 409 and 
the specific application in which composite structural material 400 is used. 

[0031] Non-solid composite section 401 has a wall thickness 405. Solid section 403 has a 

wall thickness 406. In an embodiment of composite structural material 400, wall thickness 

405 is greater than wall thickness 406. Transition section 402 compensates for the 

difference in wall thickness between non- solid composite section 401 and solid section 403. 

As mentioned previously, layer 409 and structural foam layer 404 are ramped or angled in 

transition section 401. An interface region 407 exists where solid section 403 adjoins 

transition section 402. Interface region 407 is radiused in this area to have a curved surface. 

Structural foam layer 404 is bonded to the curved surface of interface region 407. In an 

embodiment of composite structural material 400, interface region 407 is formed having a 

bullnose shaped (curved) surface that will be described in more detail hereinbelow. Thus, 

the prior art 90 degree angle and obtuse angle as described in FIG. 3 where the ramp section 

meets the solid section is eliminated. In other words, the singularity where stress 
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concentration occurs such as the 90 degree angle or obtuse angle is greatly reduced by 
changing it to a curved surface. The stress problem is compounded by the difference in the 
coefficient of thermal expansion (CTE) between the graphite/epoxy material used to form 
layers 408 and 409 and the CTE of structural foam layer 404. The benefits of forming the 
curved surface where solid section 403 adjoins transition section 402 are substantial. 
Testing of composite structural material shows an increase in loading capability of greater 
than 25% when compared to equivalent prior art composite structural materials. It is now 
believed that delamination and cracking initiates in the region of highest stress. Decreasing 
the peak stress correspondingly increases the loading capability of composite structural 
material 400 where delamination or cracking occurs. For example, for the rocket assembly 
described in FIG. 1 using composite structural material 400 formed in a circular shell now 
has a positive structural margin and can also operate at lower temperatures. It should be 
noted that forming the curved surface in interface region 407 is not limited to the case where 
wall thickness 405 is greater than wall thickness 406. The principal can be applied with 
similar benefits to the cases when wall thickness 405 is equal to or less than wall thickness 
406. 

[0032] A process for forming a circular shell similar to that described in FIG. 1 using 
composite structural material 400 begins with a cylindrical form. The form could be made 
of a material such as metal. The metal form in this example is a cylinder 5 meters in 
diameter and approximately 90 centimeters in height. Graphite/epoxy facesheets are layered 
on the exterior major surface of the cylindrical form. The graphite/epoxy facesheets stick to 
the cylindrical form and to each other. The facesheets are cut and layered to a 
predetermined thickness on the cylindrical form. The resultant layers of graphite/epoxy 
facesheets corresponds in combination to layer 408. A structural foam material is placed on 
layer 408. The structural foam material will adhere to layer 408. The structural foam 
material can also be shaped. The structural foam material is shaped having a uniform 
thickness in a region corresponding to non-solid composite section 401. Material is 
removed from the structural foam material in a region corresponding to transition section 
402 to form a ramp or angle. A curved surface or bullnose is formed in structural foam 
material located where the solid section is to be formed. Thus, the modified structural foam 
material now corresponds to structural foam layer 404. 

[0033] Layers of graphite/epoxy facesheets are then cut and fitted to form a region 

corresponding to solid section 403. In particular the facesheets abut to the curved surface 
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formed in the structural foam material. In general, any gaps in building up the graphite and 
epoxy facesheets near the curved surface in the structural foam material will be filled with 
resin that as an integrated structure produces a solid surface contacting the curve surface. 
This build up of the region corresponding to solid section 403 and specifically corresponds 
to a layer 410. Layer 410 may comprise one or more layers of material to achieve the 
desired thickness of solid section 403. Finally, graphite and epoxy face sheets are placed 
over both the exposed structural foam material and layer 410. This build up of a layer 
corresponds to layer 409. In general, the graphite and epoxy layers are built up having a 
uniform thickness. Thus, composite structural material 400 has been formed into its desired 
shape. The cylindrical shell is then placed in a pressurized furnace to cure both the foam 
and graphite/epoxy layers. The graphite/epoxy layers harden into an extremely strong solid 
material. Once cured, the cylindrical form is removed and composite structural material 400 
is ready for use. 

[0034] FIGs. 5 and 6 are both used in showing a curvature placed in a composite 
structural material 500 to reduce stress. FIG. 5 is a cross-sectional view of the composite 
structural material 500 in accordance with the present invention showing a magnified view 
of a curved surface 506 placed on a structural foam layer 504. FIG. 6 is a magnified view of 
the curvature placed in the ramp section of FIG. 5 in accordance with the present invention. 
Composite structural material 500 is similar to composite structural material 400 described 
in FIG. 4. Composite structural material 500 comprises a non- solid composite section 501, 
a transition section 502, and a solid section 503. Non-solid composite section 501 and 
transition section 502 include structural foam layer 504. 

[0035] Non-solid composite section 501 has a wall thickness that is greater than a wall 

thickness of solid section 503. Transition section 502 compensates for the difference in wall 

thickness and couples non-solid composite section 501 to solid section 503. In an 

embodiment of transition section 502, structural foam layer is sloped to form a ramp 505. 

The slope of ramp 505 is formed in structural foam layer 504 such that a wall thickness 

where transition section 502 adjoins non-solid composite section 503 is substantially equal. 

Similarly, a wall thickness where transition section 502 adjoins solid section 503 is 

substantially equal. A curved surface is formed at an interface region that adjoins transition 

section 502 to solid section 503. The curved surface at the interface region corresponds to 

curved surface 506 formed on structural foam layer 504 that is shown in magnified view. 

Structural foam layer 504 bonds to the curved surface at the interface region. 
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[0036] In an embodiment of composite structural material 500, structural foam layer 504 
is formed having a thickness of approximately 0.75 inches in non-solid composite section 
501. Structural foam layer 504 tapers in transition section 502 from 0.75 inches to a 
thickness of approximately 0.192 inches at the interface region corresponding to curved 
surface 506. In this embodiment, structural foam layer 504 comprises a structural 
polymethacrylimide foam. A bullnose shape being formed from two different radii was 
proven to provide substantial benefit. The lower portion of the bullnose is where peak stress 
occurs. The lower portion has a rate of curvature that is lower than the upper portion of the 
bullnose. A radius 508 in this lower portion was manufactured having a radius of 0.156 
inches. A radius 507 in the upper portion of the bullnose where the stress build up is not as 
high as the lower portion was manufactured having a radius of 0.05 inches. 

[0037] FIG. 7 is a stress analysis showing a peak stress 601 on curved surface 506 in the 
composite structural material described in FIG. 6. Peak stress 601 occurs where structural 
foam layer 504 has a radius 508 of 0.156 inches. Peak stress 601 for the dimensions 
disclosed in FIG. 6 is approximately 878 psi (pounds per square inch). Stress analysis on a 
prior art composite structural material having a 90 degree angle where the surfaces meet (as 
described in FIG. 3) yielded a peak stress of 1152 psi. As mentioned previously, it is 
believed that the predominant failure mechanism of the composite structural material begins 
with delamination or cracking in an area of peak stress 302 as shown in FIG. 3. The 
substantial reduction in stress as shown greatly increases the loading capability of the 
composite structural material. It has also been identified that the radiuses 507 and 508 
formed on structural foam layer 504 should have a relationship with the cell size of the 
structural foam being used in the composite structural material. The curved surface on 
structural foam layer 504 (and the interface region) should be formed having a radius greater 
than 2 times the dimension for an average cell size of the structural foam material being 
used to ensure a high loading capability for the composite structural material. 

[0038] FIG. 8 is a cross-sectional view of a composite structural material 700 in 
accordance with the present invention. Composite structural material 700 comprises a non- 
solid composite section 701, a transition section 702, and a solid section 703. A layer 704 
forms a first major surface of composite structural material 700 and is included in non-solid 
composite section 701, a transition section 702, and a solid section 703. Similarly, a layer 
706 forms a second major surface of composite structural material 700 and is included in 
non-solid composite section 701, transition section 702, and solid section 703. In general, 
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layers 704 and 706 are formed from a solid material such as graphite/epoxy, metal, plastic, 
or organic material. A structural foam layer 705 is placed between layers 704 and 706 in 
non-solid composite section 701 and transition section 702. A layer 707 may comprise one 
or more layers of solid material and is placed between layers 704 and 706 in solid section 
703. 

[0039] As shown, non-solid composite section 701 has a wall thickness greater than solid 
section 703. The wall thickness of non-solid composite section 701 comprises layers 704- 
706. The wall thickness of solid section 703 comprises layers 704, 706, and 707. In an 
embodiment of composite structural material 700, layer 706 is planar. Transition section 
702 couples non-solid composite section 701 to solid section 703. Transition section 702 
compensates for the difference in wall thickness between non-solid composite section 701 
and solid section 703 by tapering the wall thickness in transition section 702. As mentioned 
previously, prior art composite structural materials form a planar ramp section to adjust for 
wall thickness difference between the non-solid composite section and the solid section. 
The prior art planar ramp slopes linearly. An interface region of the prior art composite 
structural material interior to prior composite structural material has a 90 degree angle and 
an obtuse angle in an area where the ramp section adjoins the solid section. The structural 
foam material in the ramp section is bonded to the interface region. A region of high stress 
is produced in the area of the 90 degree angle that reduces the loading capability of the 
composite structural material. 

[0040] As similarly described in FIG. 6, a bullnose shape can be formed in an interface 
region 709 to reduce stress and increase the loading capability of composite structural 
material 700. Interface region 709 is interior to composite structural material 700 and 
located where transition section 702 adjoins solid section 703. It has been found that further 
benefit is derived by forming a curved surface 708 in transition section 702 on layer 704. 
Curved surface 708 compensates for the wall thickness difference between non-solid 
composite section 701 and solid section 703. Curved surface 708 further reduces peak 
stress in structural foam layer 705 thereby increasing the loading capability of composite 
structural material 700 further. 

[0041] While at least one exemplary embodiment has been presented in the foregoing 
detailed description, it should be appreciated that a vast number of variations exist. It should 
also be appreciated that the exemplary embodiment or exemplary embodiments are only 
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examples, and are not intended to limit the scope, applicability, or configuration of the 
invention in any way. Rather, the foregoing detailed description will provide those skilled 
in the art with a convenient road map for implementing the exemplary embodiment or 
exemplary embodiments. It should be understood that various changes can be made in the 
function and arrangement of elements without departing from the scope of the invention as 
set forth in the appended claims and the legal equivalents thereof. 
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